Abstract We measured the methane flux of a forest canopy throughout a year using a relaxed eddy accumulation (REA) method. This sampling system was carefully validated against heat and CO 2 fluxes measured by the eddy covariance method. Although the sampling system was robust, there were large uncertainties in the measured methane fluxes because of the limited precision of the methane gas analyzer. Based on the spectral characteristics of signals from the methane analyzer and the diurnal variations in the standard deviation of the vertical wind velocity, we found the daytime and nighttime precision of halfhourly methane flux measurements to be approximately 1.2 and 0.7 μg CH 4 m −2 s −1 , respectively. Additional uncertainties caused by the dilution effect were estimated to affect the accuracy by as much as 0.21 μg CH 4 m −2 s −1 on a half-hourly basis. Diurnal and seasonal variations were observed in the measured fluxes. The biological emission from plant leaves was not observed in our studies, and thus could be negligible at the canopy-scale exchange. The annual methane sink was 835±175 mg CH 4 m −2 year −1 (8.35 kg CH 4 ha −1 year −1 ), which was comparable to the flux range of 379-2,478 mg CH 4 m −2 year −1 previously measured in other Japanese forest soils. This study indicated that the REA method could be a promising technique to measure canopy scale methane fluxes over forests, but further improvement of precision of the analyzer will be required.
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Introduction
Methane (CH 4 ) is a major greenhouse gas with a global warming potential approximately 21 times higher than that of CO 2 (Forster et al. 2007 ). Methane has a radiative forcing of 0.48 Wm −2 , and it accounts for approximately 18% of the total radiative forcing by long-lived greenhouse gases (Forster et al. 2007 ). Since preindustrial times, the atmospheric concentration of methane has increased from approximately 770-1,774 ppb. Although the growth rate of atmospheric methane has decreased in the years prior to 2006 (Wuebbles and Hayhoe 2002) , renewed growth in these concentrations has been observed since 2007 (Rigby et al. 2008) . Although several conflicting hypotheses that largely involve wetland CH 4 emissions, anthropogenic CH 4 emissions, wild fires, and hydroxyl radical photochemistry have been proposed for the interannual variation of atmospheric CH 4 concentrations (Bousquet et al. 2006 and their references), they have not yet adequately explained the observed atmospheric trends and inter-annual variations in methane concentrations. Terrestrial soils are thought to consume approximately 30-40 Tg methane from the atmosphere annually, accounting for 5-7% of the global methane sink (Wuebbles and Hayhoe 2002) . Methane degradation by microbial oxidation in aerobic soils is the planet's second largest sink of methane, following reaction with tropospheric hydroxyl radicals. Methane flux measurements have been obtained from many forest soils using chamber techniques (King 1997; Ishizuka et al. 2009; Itoh et al. 2009 ), and they identified large spatial variations in methane uptake that make the quantification of methane uptake at the stand, watershed, regional, and continental scales difficult. Compared with wetlands, forests consist of complex structures with varying vertical distributions of trees and an understory, which are potential methane sources (Keppler et al. 2006) , as well as a large spatial variation of soil conditions ranging from anaerobic to aerobic. This variability could make forests alternate between functioning as methane sinks and sources as the results of subtle environmental changes. Itoh et al. (2009) found that methane fluxes measured within a watershed exhibited considerable spatial variations; large dry areas were found to be methane sinks, whereas small wet areas were strong sources, that overwhelmed the total impact of the methane sinks at the watershed level, with a high degree of temporal variability. Ishizuka et al. (2009) compared methane fluxes at 27 temperate forest sites in Japan and found that the annual sink was substantially different at each site (factor of 6.5). It was also found that the rate of methane uptake in Japanese forest soils was very high in comparison to the soils of other regions. This high rate of uptake can be attributed to the high porosity of Japanese soils resulting from their volcanic ash parent materials. Keppler et al. (2006) suggested that living terrestrial vegetation emits large amounts of methane under aerobic conditions, making forests major methane sources. The global methane production rates from living plants were estimated to be 62-236 Tg CH 4 year −1 , which may have a considerable effect on the global methane budget. This study generated a vigorous scientific debate and many subsequent studies were performed (e.g., Kirschbaum et al. 2006; Kitaoka et al. 2007; Beerling et al. 2008; Kirschbaum and Walcroft 2008; Bowling et al. 2009 ). In subsequent experiments, emission rates were found to be quite distinct in each experiment (e.g., Keppler et al. 2006; Kirschbaum et al. 2006; Kitaoka et al. 2007) , and some studies failed to measure any emissions (Beerling et al. 2008; Kirschbaum and Walcroft 2008) . Consequently, there are large uncertainties in the methane budgets of forest ecosystems. The micrometeorological measurement of methane flux is a promising method for capturing values that are both spatially and temporally representative (Baldocchi 2003) . Previously, this method was applied in ecosystems that represented well-known methane sources, such as rice paddies (Miyata et al. 2000; Takimoto et al. 2010) , natural wetlands (Friborg and Christensen 1997; Simpson et al. 1997; Werner et al. 2003; Rinne et al. 2007) , and tundra Wille et al. 2008 ). However, relatively few studies have been conducted in forest ecosystems (Ueyama et al. 2006; Smeets et al. 2009 ), probably because the measurements of small methane uptakes is much more difficult than the measurement of fluxes from large sources.
The eddy covariance (EC) method is one of the most reliable approaches for measuring vertical turbulent fluxes of heat, water vapor, and CO 2 from the Earth's surface to the atmosphere (Baldocchi 2003) . Application of this method requires a gas analyzer with a fast response and high signal stability, that is able to measure the fluctuations associated from all eddies that transport scalar quantities with sufficient precision. In late 1980s, the EC method was applied to methane flux measurements in subarctic tundra by combining a flame ionization detector (FID) with a Zeeman-split HeNe laser (Fan et al. 1992) . With the advance of technologies for methane gas analyzer, such as tunable diode laser spectroscopy (TDLS; Billesbach et al. 1998; Baer et al. 2002) , the EC method has been widely used to measure methane emissions from a subarctic mire (Friborg and Christensen 1997) , a Siberian wetland (Friborg et al. 2003) , a peatland (Shurpali and Verma 1998) , a black spruce forest (Pattey et al. 2006 ), a boreal fen (Rinne et al. 2007 ), a peat meadow (Hendriks et al. 2008) , and an arctic tundra (Zona et al. 2009 ). Although many of those studies successfully quantified methane emissions from the sources in question, measurement in forest ecosystems is still challenging because the magnitude of the methane uptake by aerobic soils is very small compared with the magnitude of the emissions from wetlands. Eugster and Plüss (2010) quantified the detection limit of a state-of-the-art TDLS at 0.35 ppb with an optimum integration time and a whitenoise level of 1.5 ppb Hz −1/2 , which might be insufficient to measure low rates of methane uptake by the EC method. The closed-path EC system for methane flux also requires large pumps because of the large cavity volume of TDLS systems, which limits the applicability for remote areas where electric power is limited.
The relaxed eddy accumulation (REA) method is a theoretically simple micrometeorological technique in which fluxes are measured using the vertical wind velocity and a conditional sampling of updraft and downdraft air (Businger and Oncley 1990) . Because this method does not required a gas analyzer with a rapid response, unlike the EC method, it has begun to attract considerable attention for use in studies of trace gas fluxes (Simpson et al. 1997; Nemitz et al. 2001 ). An REA system was previously developed by our group (Hamotani et al. 1996 (Hamotani et al. , 2001 , and its precision and accuracy have been validated (Ueyama et al. 2009 ). The REA system could be applicable to the measurement of methane fluxes in forest ecosystems, which could enable researchers to use methane gas analyzers for measurements at optimal integration times without high electric power requirements. Consequently, the REA method could have several advantages compared with the EC method for measuring small methane fluxes in forest ecosystems.
In this study, we continuously measured methane fluxes in a larch forest using the REA system developed by our group. The objectives of this study were (1) to determine the applicability and limitations of the REA method for methane flux measurements over forests and (2) to examine the fluxes at diurnal and seasonal timescales as well as possible contribution of plant leaves for the net methane efflux.
Methods

Relaxed eddy accumulation method
The flux of the target gas is calculated as the product of the concentration difference, the standard deviation of the vertical wind velocity, and an empirical constant. According to Businger and Oncley (1990) , temperature and methane concentration fluxes can be calculated using the REA method as follows:
where the prime and overbar denote the fluctuation term and the average of a variable, respectively. w, T, C, b, and σ w represent the vertical wind velocity, air temperature, methane concentration, empirical constant, and the standard deviation of the vertical wind velocity, respectively. T up , T down , C up , and C down are the air temperature and the mean methane concentration in the updraft and downdraft, respectively. Finally, b is empirically determined using heat fluxes obtained through the use of the EC method and the mean air temperature of the updraft and downdraft (Hamotani et al. 2001 ).
Sampling system
To measure methane fluxes using the REA method, we developed a sampling system ( Fig. 1 ; Hamotani et al. 2001; Ueyama et al. 2009 ). The system has two major components. One component consists of the measurement of the standard deviation of the vertical wind velocity (σ w ) from a sonic anemometer (DA600, Kaijo, Japan). The second component samples air of updraft and downdraft and measures the gas concentration difference; updraft and downdraft conditions were determined using signals from the sonic anemometer. The fluctuation of the vertical wind velocity was sampled at 10 Hz, and σ w was calculated in real time using a data logger (CR1000, Campbell, USA), whereas C up and C down were measured using the methane gas analyzer. The system was fully controlled by the data logger. We developed two independent sampling systems for CO 2 and methane; air was sampled by each system using the same signal from the sonic anemometer. Updraft and downdraft conditions were determined by the difference between the instantaneous and adjacent 15-min moving averages of the vertical wind velocity. Adjacent 15-min moving averages were used because it was impossible to obtain averages in a true Reynolds sense (Bowling et al. 1999) . The pump for sampling updraft air operated only under updraft conditions at a rate of 1.2 l min −1 (LPM), whereas the pump for sampling downdraft only operated under downdraft conditions. The sampled air was stored in reservoirs (Tedlar® Bags) with a volume of 20 l (CCK-20, GL Science, Japan). After each 0.5-h sampling period, the stored air in each reservoir flowed through a FID methane gas analyzer (Model APHA-360, Horiba, Japan) at a rate of 0.8 LPM. The air stored for CO 2 flux measurements flowed through a closed path infrared gas analyzer (Li-6262, Li-Cor, USA). Methane and CO 2 concentrations were collected at rate of 1 Hz via a data logger (CR1000, Campbell, USA) beginning 120 s after the lines were switched. A sample line cannot be used simultaneously to analyze methane concentrations and collect air. However, such an analysis was necessary to sequentially determine the flux every 0.5 h, and the analysis was performed by preparing two sets of sampling reservoirs (B up and B down in Fig. 1 ) for a total of four reservoirs (B up(0-30) , B up(30-60) , B down(0-30) , and B down(30-60) in Fig. 1 ). Our REA system measured the methane flux every 0.5 h, operating on an hourly cycle; the time table of these measurements is shown in Table 1 . Further details of the REA system can be found in Ueyama et al. (2009) .
Considering the sampling flow rate, the inner diameter of the tube and the tube length between the air inlet and the bags (approximately 40 m), the dead volume inside the tube was approximately 0.5 l and the retention time was 0.4 min. Because the amount of air in the dead volume (sampled during adjacent run) was sufficiently small compared with the sampled air (approximately 18 l), the error associated with the dead volume was considered negligible.
The system had no dead bands for increasing the concentration differences (Bowling et al. 1999) to avoid system instabilities arising from limited sample air. The methane analyzer was automatically calibrated once per week (at 00:00-1:00). In addition to this calibration, the system was checked for bias in the concentration differences between the updraft and downdraft reservoirs twice per day (at 00:00-1:00 and 12:00-13:00). During these inspection periods, the system pumped the same air to the updraft and downdraft reservoirs and measured the reported concentration difference. The difference was expected to be zero, and when small biases were detected (ranging from 0 to 4 ppb with no differences between daytime and nighttime biases), we corrected for these biases in the methane flux calculations.
In this study, we integrated our REA system with a system for measuring the concentration of methane across a vertical gradient (Fig. 1) . The same gas analyzer was used to measure concentrations at multiple heights by switching the flow lines leading to the gas analyzer (Table 1) . Measurements of each new vertical concentration began 120 s after the lines were switched. The vertical profile of the methane concentrations was only measured when the gas analyzer was not being used for the REA measurements.
Measurements
Measurements were taken at the Fuji-hokuroku Flux Research Site, Yamanashi, Japan (35°N26′, 138°45′). This site is located at the northern foothills of Mt. Fuji with a moderate slope of 3-4°and an elevation of approximately 1,100 m. The predominant tree cover at the site is a 50-year-old stand of Japanese larch (Larix kaempferi Sarg.) that is interspersed with evergreen needleleaved species (Pinus densiflora) and mixed broadleaved species (Swida controversa, Quercus serrata, and Quercus crispula). The canopy height is 20-25 m. Because the forest canopy is open, the forest floor is covered by understory species such as Prunus incisa and Dryopteris crassirhizoma. The leaf area index measured by a plant canopy analyzer (LAI-2000, Li-Cor, USA) was 2.9 m 2 m −2 . The soil consisted mainly of volcanic ash deposits from Mt. Fuji. Since the larch trees were uniformly planted within the study area across approximately 150 ha, measured fluxes were mainly attributable to the larch forest for all wind directions. In 2009, the average annual air temperature was 8.9°C and the total annual precipitation was 1,800 mm. The average soil temperature at 5 cm was 9.6°C, whereas the soil water content at depths of 0, 5, and 10 cm was 0.162, 0.111, and 0.144 m 3 H 2 O m −3 soil in 2009, respectively. Methane fluxes were measured continuously beginning in February 2009 using a 31-m scaffold tower. The EC method was used to measure the fluxes of heat, water vapor, and CO 2 at a height of 35 m above the ground with a sonic anemometer (DA600, Kaijo, Japan) and a closed path infrared gas analyzer (LI-6262, Li-Cor, USA). Sample air was pumped at a flow rate of approximately 5.6 LPM into the gas analyzer through approximately 12.4-m of polyethylene/aluminum composite wall tubing (Dekoron-1300, Furon, USA) with an inner diameter of 4.3 mm. A finewire thermocouple thermometer (70 μm in the diameter; COCO-03, Omega, Japan) was also installed near the sonic anemometer to measure fluctuations in air temperature. Data were recorded at a rate of 10 Hz using a datalogger (DR-M3, Teac Corp., Japan) and averaged over 30-min intervals. The vertical wind velocity and air temperature signals were also used by the REA system.
The two REA systems for CO 2 and methane measurements were installed at the base of the tower. Updraft and downdraft air samples were pumped to the system through a polyethylene/aluminum composite wall tubing (DK-tube; 1300-6-BK, Nitta Moore, Japan) with an inner diameter of 4 mm. The sample inlets were set at 35 m, and the horizontal distance between the inlets and the sonic anemometer was approximately 0.3 m. For vertical profile measurements, the air inlets were set at 35, 27, 16, and 0.3 m above the ground, and air was directed to the REA system at a flow rate of 1.2 Lmin −1 (LPM).
Data processing
Before processing the eddy covariance data, we removed the noise spikes from the raw data and then calculated the covariance every 30 min. We applied corrections for coordinate rotation and air density effects arising from water vapor concentration fluctuations (Webb et al. 1980 ) as well as corrections for the loss of high-frequency transport arising from sensor separation and line averaging (Moore 1986 ). The lag time of the sample from the inlet to the cell of the closed-path analyzer was determined by maximizing the covariance between the vertical wind velocity and the CO 2 concentration; the median of the determined lag time was applied for all processing. The high-frequency loss for the closed-path system was corrected using an empirical transfer function (Aubinet et al. 2000) . Further details of the flux calculations are shown in Hirata et al. (2007) . For the eddy covariance data, we applied a quality test to remove noise attributed to conditions of rain, snow, or fog. Nonstationary and integral turbulence tests (Foken and Wichura 1996) were applied as routine treatments. After these routine treatments, we manually excluded the remaining outliers.
To reduce the effects of random noise in the methane gas analyzer, we excluded data collected using the REA method when the signal of the methane analyzer was unstable. This instability possibly arose from fluctuations in the detector's flame ionization efficiency or from decreases in the catalyst temperature for the oxidization of nonmethane hydrocarbons as a result of the influence of water vapor. Instability was indicated by a fluctuation of greater than 5 ppb in methane concentrations during the 4-min period for each reservoir. For the methane flux calculations, we excluded the data when the CO 2 fluxes measured by the EC and REA methods were different by more than 50% of the absolute value. Finally, we manually excluded the remaining outliers. After these quality tests, only 27% of the data from the measurement period were found to be suitable for analysis.
Gaps in the methane flux data were filled using standard methods. Linear interpolation was applied for small gaps of less than 1.5 h. For larger gaps, a mean diurnal variation method was applied in which the diurnal pattern was determined each day for a 15-day moving window.
In this study, negative fluxes indicated uptake by the forest, whereas positive fluxes indicated emissions to the atmosphere.
Error analyses
Half-hourly fluxes could have large uncertainties because of the precision of the methane gas analyzer (shown in later section). We averaged the individual half-hourly results for the monthly diurnal patterns and the seasonal variations of 7-day moving windows rather than addressing the individual values. To evaluate the possible error distributions of random errors, we created monthly mean diurnal patterns by resampling our data 1,000 times using a bootstrapping technique and then filling the data gaps using the resulting patterns. Each bootstrapping dataset was averaged for monthly and annual time periods. The frequency distributions of the average values were used to determine the uncertainty of the measurement because the half-hourly random errors could propagate to the monthly diurnal patterns and annual fluxes despite error reductions obtained by increasing the number of samples for averaging.
Results
Specifications of the methane analyzer
According to the catalog specifications of the FID gas analyzer used in this study, the minimum concentration resolution of the analyzer is 1 ppb, the response time is 60 s, and the precision is ±1% of the absolute value (about ±18 ppb under current atmospheric methane concentrations of 1.8 ppm). According to previous chamber measurements in Japanese forest soils (Ishizuka et al. 2009 ), the mean methane fluxes were about 3.0 mg CH 4 m −2 day −1 . Using Eq. 2 with mean monthly diurnal pattern of σ w (Fig. 2) , we calculated back the precision required to accurately measure concentration differences by the REA method. The differences ranged from 2 to 10 ppb, where the difference was expected to be small during the daytime with high σ w values. Because the precision seemed insufficient for measuring the methane flux, we checked the precision of the analyzer when in use by the system in this study. A standard gas with a known methane concentration was flowed through the analyzer for approximately 4 h and recorded methane concentrations at a frequency of 1 Hz. The amplitude spectral density of the methane concentrations during the calibration is shown in Fig. 3 : each amplitude spectrum was created for a half-hourly period. The amplitude spectral density is a square root of the power spectral density and shows the magnitude of noise on each timescale. The noise was classified with two components: (1) precision of the measurement within each reservoir (dark gray area in Fig. 3 ) and (2) stability during time for analyzing two reservoirs (light gray area in Fig. 3) . First, because our system spent 4 min for measuring the methane concentration of each reservoir (Table 1) , the 4-min averaging procedure had random errors of up to 4.5 ppb (dark gray area in Fig. 3) ; this noise was mostly caused by errors in the lowfrequency domain (lower than 0.01 Hz in the dark gray area). Second, the system was affected by lower-frequency noises due to limited stability because there was lag time analyzing the two reservoirs. The lag time was 11 min (Table 1) ; the start of measurements for C up was scheduled at 2 min, and the end for C down was at 13 min. The evaluated low-frequency noise due to this cycle is up to 4.5 ppb (light gray area in Fig. 3) , which was similar to the noise for the precision of the measurement within each reservoir (precision within 4 min). Thus, the precision of the methane gas analyzer was approximately 4.5 ppb.
The evaluated random errors in the fluxes are shown in Fig. 2 ; the errors were calculated from the diurnal variations of σ w and Eq. 2 using the precision of the methane gas analyzer, 4.5 ppb. Because the σ w was higher in the daytime than in the nighttime, the expected random errors were larger in the daytime. The average daytime and nighttime errors were 1.2 and 0.7 μg CH 4 m −2 s −1 , respectively. The precision tended to be higher in the summer than in the winter because of the seasonal variations of σ w (Fig. 2 ).
Determination of the empirical coefficient
We first determined the empirical constant b by applying Eq. 1 to data collected during the period between Fig. 3 Amplitude spectral density of methane concentration measured by a gas analyzer (Model APHA360, Horiba, Japan) during calibration using a standard gas with a methane concentration 9 ppm. The dark and light gray areas represent the periods of 11 and 4 min, respectively downdraft signals based on the vertical wind velocity (Hamotani et al. 2001; Ueyama et al. 2009 ), which were consistent with the timing of switching the pumps for C up and C down in the REA sampling system. The relationship between σ w (T up -T down ) and the heat flux as measured by the EC method is shown in Fig. 4 . The slope of this relationship is the empirical constant b which was determined here to be approximately 0.53. In previous studies, this value was found to be 0.51-0.57 in forests (Hamotani et al. 2001; Ueyama et al. 2009 ). The high correlation coefficient (0.97) indicates that the REA system's use of a moving average of vertical wind velocity sufficiently separated the updraft and downdraft conditions. Because there was no systematic change in the b value across seasons, we used the empirical constant of 0.53 throughout the year.
Validation using the CO 2 flux measurements
To validate our REA system, we compared the CO 2 fluxes measured by the closed-path EC system and the REA system (Fig. 5) . The CO 2 fluxes derived from both methods were highly correlated (R 2 00.89) and there was no bias (slope of 1.05 and offset of −0.83 μmol m −2 s −1 ). Although the on-off switching of the pumps used in the system might not be able to respond at a rate of 10 Hz, the turbulent transport by such high-frequency eddies could be negligible over the tall forest canopy, which was confirmed by spectral analyses (Ueyama et al. 2009 ). These results indicate that the system properly sampled updraft and downdraft air, and they show that our REA system was robust for the measurement of trace gas fluxes relative to the EC system. The data coverage of the EC and REA methods were 26% and 67%, respectively; the low data coverage of the EC method were possibly caused by condensation due to high air humidity and large diurnal temperature ranges.
Methane flux
The calculated half-hourly methane fluxes are shown in Fig. 6a . The half-hourly fluxes were highly scattered because of a random error in the system of up to 1.2 μg CH 4 m −2 s −1 . Thus, the scattered nature of the results is due to artificial perturbations rather than actual ecological fluxes. Because our REA system successfully measured the CO 2 flux (Fig. 5) as well as the heat flux (Fig. 4) , these scattered results can be attributed to a lack of precision in the methane analyzer rather than sampling errors in the system. Despite this scatter, we observed a seasonal shift in methane fluxes, with values indicating methane uptake from mid-May to October. The random errors observed in the half-hourly calculations could be reduced by increasing the number of samples to be averaged. We examined the diurnal variations for each month by calculating an ensemble mean (Fig. 6b) . These variations were only considered when the number of data points for the ensemble mean was greater than 5. Our results show that the diurnal variations in methane flux occurred from May to October, but were not evident in other months. This result suggests that biological activities, such as microbial oxidation in the soil, were responsible for this daytime uptake of methane.
We calculated the daily methane flux by filling data gaps using the diurnal variations. The seasonal variation in flux is shown in Fig. 6c , and a clear seasonal pattern is evident. Because the daily values could be affected by random errors, they were analyzed using 7-day running means. In this forest, significant methane uptake was only apparent during the summer months, when the soil temperature was higher than 10-15°C. During the remainder of the year, measured fluxes were fluctuated between a small methane sink and a methane source, possibly because the fluxes were less than detectable limit of our system. The seasonal maximum and average uptake rates were −21.0 and −2.3 mg CH 4 m −2 day −1 , respectively. Assuming the January methane flux to be negligible because the ground was covered in snow, the annual methane sink was calculated to be 835 mg CH 4 m −2 year −1 (8.35 kg CH 4 ha −1 year −1 ), which was within the range of 379-2478 mg CH 4 m −2 year −1 for annual sinks observed using chamber techniques in other Japanese forest soils (Ishizuka et al. 2009 ). The monthly and annual error distributions of the methane fluxes were evaluated using the bootstrapping technique (Fig. 7) . The largest errors were symmetrically distributed around ±0.4 μg CH 4 m −2 s −1 at the monthly timescale (Fig. 7a) . The estimated errors were smaller than those expected based on the precision of the gas analyzer (Fig. 2) , showing that the averaging procedure effectively canceled out the random errors. The maximum estimated errors were also symmetrically distributed around ±400 mg CH 4 m −2 year −1 at the annual timescale (Fig. 7b) ; the 90% confidence interval of the errors ranged from −171 to 174 mg CH 4 m -2 year -1 , and thus the annual methane sink was 835±175 mg CH 4 m -2 year -1 .
According to the profile measurement, methane concentration was most depleted near the soil, whereas the concentration at other heights was not significantly different if we considered the precision of the analyzer. On average, methane concentration at 0.3 m was 10 ppb lower than those at other height (Fig. 8 ). The concentration difference was similar range throughout the season, and did not show distinct diurnal variations. Even though concentration within the canopy could be highly heterogeneous, the observed concentration profile indicated that observed sink was mainly caused by sink at the forest soil.
Discussion
We performed a continuous observation of methane fluxes above a forest canopy using an alternative micrometeorological technique known as the REA method. Our REA method was validated by a comparison against CO 2 flux measurements using the EC method. Although previous studies only validated this method based on short-term measurements (Hamotani et al. 2001; Ueyama et al. 2009 ), we found that the performance of the REA method was suitable for measuring fluxes on the annual time scale. The data coverage of the REA method was also higher than that of the EC method, although the data coverage of the EC method would increase if the sampled air was fully dehydrated. These results indicate that the REA method is a useful tool for measuring fluxes of trace gases such as methane and CO 2 at the canopy scale. Because of the lack of adequate methane analyzer for measuring the very small fluxes in the forest canopy via the EC method, the REA method could be an alternative way to measure methane flux over forest canopy. Although we could only validate the performance in CO 2 flux measurement, this method could be applicable for methane flux measurements because of scalar transport similarity among scalar quantities (Baker et al. 1992; Bowling et al. 1999 ).
The REA method has some advantages in trace gas measurements compared with the EC method because it does not require pumps that have high flow rates or a gas analyzer with a fast response time; therefore, the REA method can be operated with low power consumption, which facilitates the application of methane flux measurements in remote areas, where electric power is limited. Current closed-path eddy covariance systems require large pumps with a flow rate of at least 330 LPM (Hendriks et al. 2008) , which could limit their applicability to the limited sites that have grid connection. Although an open-path methane analyzer have been available in flux studies (McDermitt et al. 2010) , the resolution of these systems is 5 ppb, which is not low enough to measure methane fluxes in the forest canopy via the EC method. Another advantage of the REA method is that it can measure continuous halfhourly fluxes while only using the analyzer for short analysis times (our system only used the analyzer for 14 min per run; Table 1 ), which enables the same analyzer to be used for simultaneous measurements of vertical concentration profiles (Fig. 1) and multiple chambers. Based on the Allan variance technique (Allan 1966) , state-of-the-art methane gas analyzers still have insufficient precision to measure methane fluxes of forests. Previous studies reported this precision to be 1.5 ppb Hz −1/2 (Eugster and Plüss 2010) and 2.9 ppb Hz −1/2 (Kroon et al. 2007 ). The performance of the analyzers used in these studies was different for each integration time (Eugster and Plüss 2010) . The REA method can be designed to use the optimal integration time for the gas analyzer employed, which represents a significant advantage for trace gas flux measurement compared with the EC method. One possible shortcoming of the REA method is that careful evaluation of w is necessary to accurately discriminate updraft and downdraft conditions, which could limit the utility of this method under non-stationary conditions. Consequently, the careful validation by means of concurrent evaluation of CO 2 flux measurements is necessary in the REA method but not in the EC method. One recent study indicated that the REA method could generate reliable estimates of methane fluxes even though half-hourly fluxes showed relatively large deviations from results of the EC method (Hendriks et al. 2008) .
This study increased the precision of measurements made using an FID methane analyzer by increasing the degree of time averaging. Specifically, the precision of measurements made with analyzer improved from 18 to 4.5 ppb (Fig. 3) . These results indicate that using the appropriate averaging strategy can increase the precision of a system. Ueyama et al. (2009) also showed that the use of the appropriate averaging time substantially increased the precision of a CO 2 gas analyzer. However, despite this precision enhancement, the precision of the FID analyzer was still insufficient for the measurement of half-hourly methane fluxes in our forest ecosystem. Some data were rejected by the quality control criteria because of the random noise of the FID gas analyzer. The random noise also introduced large uncertainties into the half-hourly fluxes. Although we were able to reduce this noise using an averaging procedure, the averaging limited us to treating the data as a monthly diurnal pattern or a moving average of daily values.
Because the effects of humidity were not apparent in previous studies (Ueyama et al. 2009 ), our system was not dehumidified, which suggests that measured fluxes might have been affected by dilution from the water vapor. Our system could not measure the water vapor flux because water vapor was adsorbed in the REA system. This suggests that the dilution effect was small compared with that in the EC system but might still introduce complex uncertainties. The adsorption of water vapor occurred in the reservoirs, introducing a possible bias in the concentration differences between updraft and downdraft reservoirs in the event of a lag between adsorption and desorption. Although this effect was generally small in the measurements of CO 2 fluxes, the effect could be important to the measurement of methane fluxes (Smeets et al. 2009 ). To correct for this effect, we monitored the bias among the reservoirs twice per day and corrected for this bias in flux calculations (as explained previously). As a result of this monitoring and the bias corrections, we believe that the effect of dilution was relatively small in this study, although it may still have introduced significant uncertainties in the measured fluxes. We theoretically calculated the possible dilution effect of the water vapor flux in the EC measurements using the WPL equation (Webb et al. 1980 ), and we found that the effect was as large as 0.21 μg CH 4 m −2 s −1 in the midsummer season on a half-hourly basis. Part of the diurnal variation observed in the methane fluxes was caused by this effect. However, the diurnal variation seen in Fig. 6b remained even after appropriate corrections for these effects were applied to the methane flux measurements, suggesting that the observed diurnal variations could be caused by ecological fluxes rather than biases or errors in the measurement. In the future, the REA system should be dehumidified for methane flux measurements, as is necessary for the EC method and the gradient method. Considering that it is difficult to fully dehumidify sample air using typical systems, such as the Perma-pure drier, the simultaneous measurements of both CH 4 and water vapor in the same cell could be useful for measuring CH 4 mixing ratios in flux measurements. The daily methane uptake was found to be as high as 20 mg CH 4 m −2 day −1 , which was somewhat higher than the values observed in other Japanese forest soils using chamber measurements. In a comparison of methane fluxes at 27 sites in Japan, Ishizuka et al. (2009) found that the daily maximum uptake ranged from 0.55 to 10.48 mg CH 4 m −2 day −1 .
Considering the large spatial variations in the observed fluxes (factor of 19), the measured peak at this site is reasonable for a Japanese forest. Because the spatial variation of the methane uptake rate is regulated mainly by soil porosity (King 1997; Ishizuka et al. 2009 ), the high uptake rate we observed could be explained by the high porosity of soil formed by volcanic ash deposits from Mt. Fuji. The low soil water content (annual average of 0.111 m 3 H 2 O m −3 soil at 5 cm depth) also promoted effective gas diffusion within the soil. Because methodological differences between micrometeorological and chamber techniques could cause this difference, a comparison between both methods will be required at the same site in the future. Although the measured methane flux showed the sink activities only at the summer months (Fig. 6 ), methane concentration near soil showed lower values throughout the year (Fig. 8) . Part of this inconsistency is caused by spatially heterogeneous nature of air within the canopy. Other possibility was caused by limited precision of the flux measurement, where precision during the winter period was lower than those at the summer months (Fig. 2) . Consequently, further studies will be required especially for winter period.
Our analysis indicates that the larch forest was a methane sink at the canopy scale, although a recent study proposed that forest ecosystems are potentially a large methane source at the global scale (Keppler et al. 2006) . In incubation experiments (Kitaoka et al. 2007) , which was too low a level to be compared with the measured canopy-scale methane uptake and too little to be observed with the current precision of our measurements. Consequently, the methane emission from the leaves of the larch trees could be negligible at the canopy scale, even though it remains uncertain whether leaves emit methane at the low rates reported previously.
The application of micrometeorological techniques provides great advantages in the measurement of methane fluxes in terms of (1) spatial and temporal representativeness, and (2) minimum disturbance to the underlying vegetation and soil. The measured fluxes showed both diurnal and seasonal variations. The results suggest that traditional approaches, such as chamber techniques, yield potentially biased results because the chamber measurements are usually taken at a coarse temporal resolution, typically once or twice per month (e.g., Itoh et al. 2009 ). Furthermore, chamber measurements often disturb natural conditions by eliminating wind diffusion. Given that methane consumption is strongly related to the methane concentration (King 1997) , a decrease in the methane concentration within the chamber headspace might result in an underestimation of methane fluxes. To reduce the uncertainties observed in previous plot scale measurements, future studies should implement micrometeorological measurements with high rates of accuracy and precision.
Conclusions
This study is a first report on efforts to measure methane fluxes using the REA method at a temperate forest site throughout an entire season. The system accurately sampled updraft and downdraft air with results that were validated by the CO 2 flux measurements obtained by the EC method. The application of micrometeorological measurements provides a great advantage in the continuous measurement of methane fluxes. This study showed that methane fluxes had diurnal and seasonal variations. More traditional approaches to flux measurement usually occur at coarser (e.g., monthly) temporal resolutions, possibly introducing bias into the results. According to the canopy-scale flux measurement, we found that the forest acted as a small methane sink during the summer months. The biological emission from plant leaves was not observed in our study, and thus could be negligible at the canopy-scale exchange.
The fluxes measured using our system had a high level of uncertainty because of the low precision of the FID gas analyzer. For more accurate measurements of methane flux, a more precise gas analyzer will be required. Recently, cavity ringdown laser spectrometers have been made available for flux measurements (Eugster and Plüss 2010) , and these are applicable to both the EC and the REA methods (Hendriks et al. 2008; Smeets et al. 2009 ). Application of these analyzers will allow more accurate flux measurements from the micrometeorological techniques. Because the fluxes observed in this study had a high level of uncertainty, the measured fluxes and their variations should be validated in future studies. To improve our techniques for trace gas flux measurements, the publication of both successful studies and less conclusive results is particularly important because the techniques for methane flux measurement are still developing and numerous issues remain. A greater availability of information and new technologies will improve the availability of advanced techniques for trace gas measurement.
